Background/Aim: To investigate the role of oxidative stress (OS) in the development of chronic kidney disease (CKD) in atrial fibrillation (AF). Methods: We compared OS burden, determined at study inclusion as plasma concentrations of oxidized low-density lipoprotein (oxLDL), between stable AF patients (n = 256, mean age: 62.8 ± 9.3 years; 60.9% males) with preserved renal function, defined as an estimated glomerular filtration rate (eGFR) ≥ 60 ml/ min/1.73 m 2 , and a matched control group in sinus rhythm (n = 138, mean age: 61.5 ± 11.2 years; 60.9% males). During the prospective follow-up of AF patients, we investigated the association and prognostic validity of oxLDL for CKD development, diagnosed as a sustained decline in eGFR to <60 ml/min/1.73 m 2 . Results: AF patients had a higher mean oxLDL (76.2 ± 21.7 U/l) compared to sinus rhythm controls (61.6 ± 13.1 U/l; p < 0.001). AF presence independently predicted increased oxLDL levels in the study cohort [β = 14.7; 95% confidence interval (CI), 10.7-18.7; p < 0.001]. Over a median 4-year follow-up, 19.9% of AF patients developed CKD. Adjusting for all clinical covariates, oxLDL (per tertile) was associated with a hazard ratio of 2.17 for CKD occurrence (95% CI, 1.40-3.35; p < 0.001). AF patients in the upper oxLDL tertile ( ≥ 88.7 U/l) had a 3.70-fold (95% CI, 1.55-8.81) higher risk for CKD compared to the lower oxLDL tertile (<67.0 U/l) patients (p < 0.001). oxLDL improved discriminative validity ( cstatistic increment: 0.041, 95% CI, 0.007-0.075, p = 0.017), and increased the net reclassifica- tion and integrated discrimination for CKD risk by 12.4 and 6.0%, respectively (both p < 0.001). Conclusions: oxLDL is increased in AF patients compared to sinus rhythm controls. oxLDL has an independent association and an incremental predictive value that might complement clinical CKD risk assessment in AF patients following further research.
Background
Atrial fibrillation (AF) is associated with an increased prevalence of chronic kidney disease (CKD) [1] usually defined as a sustained decrease in the glomerular filtration rate (GFR) below a threshold GFR of <60 ml/min/1.73 m 2 [2] . The coexistence of AF and CKD accelerates CKD progression to end-stage renal disease [3] , and confers a higher risk of adverse cardiovascular events and increased mortality in the affected patients [4, 5] . AF and CKD share predisposing conditions (e.g. hypertension, diabetes mellitus, and atherosclerosis) that could reflect common pathophysiological mechanisms, including low-grade inflammation, unbalanced production of reactive oxygen species (i.e. oxidative stress -OS), reninangiotensin system (RAS) activation, and endothelial dysfunction [6, 7] . Increased oxidative modification of plasma lipoproteins (e.g. oxidized low-density lipoproteins -oxLDL) has been documented in selected groups of AF [8] and CKD patients [9] , and oxLDL has been implicated in the pathogenesis of cardiovascular and renal disorders by promoting endothelial dysfunction and vascular wall inflammation [10] [11] [12] . However, the role of oxLDL in the development of renal dysfunction in AF patients has not been characterized.
The aims of the present community-based, observational study were: (a) to compare plasma oxLDL levels determined at study inclusion between AF patients and a control group in sinus rhythm (SR), and (b ) to assess whether baseline oxLDL levels are associated with CKD development in AF patients during the prospective follow-up. We also assessed whether oxLDL improved the prediction of CKD development beyond clinical and conventional laboratory predictors of renal dysfunction in AF patients.
Methods

Baseline Clinical Evaluation and Renal Function Assessment
Consecutive AF patients with electrocardiographically documented AF (paroxysmal, persistent and permanent) [13] , treated as in-or outpatients at the Cardiology Clinic, Clinical Center of Serbia, between June 2010 and March 2011 were screened, and clinically stable patients with preserved renal function were included. A control group of comparable age, sex and comorbidities, with documented SR, no AF history, and preserved renal function was recruited at the same time among consecutive, stable in-and outpatients. The local Ethics Committee approved the study protocol, and informed consent was obtained from all participants.
Data on comorbidities and medical treatment were collected from medical records and/or diagnostic workup performed at inclusion, including: hypertension (blood pressure ≥ 140/90 mm Hg or antihypertensive drug treatment); diabetes mellitus (fasting blood glucose ≥ 7.0 mmol/l, and/or hemoglobin A 1c ≥ 6.5%, or on treatment); echocardiographically documented aortic and/or mitral valve disease not requiring surgery; coronary artery disease (CAD) including prior myocardial infarction, percutaneous/surgical coronary revascularization or other angiographically documented CAD; history of heart failure (HF); history of stroke/transient ischemic attack (TIA)/systemic embolism; peripheral arterial disease (PAD), and chronic pulmonary disease. Baseline biochemistry and thyroid function analyses were performed, and transthoracic echocardiography was used to assess left ventricular ejection fraction, and the presence of a structural myocardial, and/or valvular disease. Baseline CHA 2 DS 2 -VASc stroke risk score was calculated in AF patients (C = congestive HF, H = hypertension, A 2 = aged ≥ 75 years -doubled, D = diabetes mellitus, S 2 = stroke/TIA/ systemic embolism -doubled, V = vascular disease, Sc = females) [13] .
We excluded patients with conditions possibly influencing renal function and/or oxLDL, including: (1) hemodynamic instability (acute/decompensated chronic HF, current malignant ventricular arrhythmias), (2) acute AF causes (acute myocardial infarction, myopericarditis, thyrotoxicosis), (3) infections/inflammation, (4) valvular heart disease requiring surgery, (5) malignancy, and (6) trauma/surgery ≤ 3 months ago.
In AF and SR patients screened for inclusion, serum creatinine was determined by a colorimetric Jaffe assay (Cobas 6000 Roche Diagnostics), and renal function was assessed by creatinine-based estimated GFR (eGFR), using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation considered to provide the most accurate GFR estimates [14] . Patients with baseline eGFR ≥ 60 ml/min/1.73 m 2 were considered to have preserved renal function and were included in the study [2, 15] . Patients with either eGFR <60 ml/min/1.73 m 2 or end-stage renal disease on renal replacement therapy were excluded.
oxLDL Determination oxLDL was determined at inclusion. Fasting peripheral venous blood samples were taken in all participants, and following centrifugation (2,200 rpm, 20 min, 4 ° C), ethylenediaminetetraacetic acid plasma samples were stored in multiple aliquots at -20 ° C for further analysis performed with a commercially available enzyme-linked immunosorbent (ELISA) assay for oxLDL (Mercodia, Uppsala, Sweden), with intraand interassay coefficients of variation of 6.8 and 7.1%, respectively.
Follow-Up and CKD Development in AF Patients
AF patients were clinically followed and eGFR was reassessed at 3-month intervals. Study endpoint was CKD development, defined as a sustained eGFR decline to <60 ml/min/1.73 m 2 , documented on ≥ 2 consecutive visits, ≥ 3 months apart, in patients with baseline eGFR ≥ 60 ml/min/1.73 m 2 . Lifestyle characteristics and medications potentially modifying renal function/OS (e.g. RAS inhibitors, statins) during the follow-up were in keeping with the contemporary guidelines [2, 13] .
Sample Size Calculation and Statistical Analysis
For oxLDL comparison between AF and SR groups, a sample of at least 125 patients per group was calculated to detect a difference of 5 U/l in oxLDL means (standard deviation = 14 U/l), with α = 0.05 and power = 0.8, based on literature data [8, 9] . Considering a prospective follow-up, a total sample of 255 AF patients was calculated with a 95% confidence level and 5% precision, expecting CKD development in ∼ 20% of AF patients, based on previous research [5] , to allow for 5% follow-up attrition.
Data are presented as means ± standard deviations, medians (25th-75th interquartile ranges), or counts (n) with percentages (%). The differences between variables were tested by the two-tailed Student t test, Mann-Whitney test, or χ 2 test, as appropriate. The linear regression was used to analyze the association of AF with oxLDL, adjusted for age, sex, medications and baseline eGFR. Kaplan-Meier analysis was used to determine the cumulative incidence of CKD by oxLDL tertiles in AF patients and the differences in estimates were compared by the log-rank test. The association of oxLDL with CKD development in AF patients was analyzed by the Cox proportional hazard analysis, with oxLDL first entered as a continuous variable, and then categorized into tertiles (lower, middle and upper), chosen for providing the best data fitting with the study outcome. The association of baseline clinical and laboratory variables (listed in tables 1 and 2 ) with CKD development was assessed, and covariates significantly associated with CKD occurrence ( table 3 ) were used to adjust the Cox model for CKD development with oxLDL. Possible interaction of statin treatment (potential OS modification) and oxLDL-related CKD risk was tested in the post hoc Cox analyses of treated versus nontreated patients. The interaction term (statin treatment × oxLDL per tertile) was included as a covariate in the analyses. In all analyses, the proportionality of hazards assumption was met and the time to CKD development or time to the last follow-up (for AF patients who did not develop CKD) was used. Hazard ratios (HR) and the 95% confidence intervals (CI) were calculated using the regression coefficients and their standard errors. For oxLDL tertiles, HR comparing the middle and upper tertiles with the lower tertile (reference) were reported. The ability to discriminate patients who would and would not develop CKD was first assessed by the area under the receiver operating characteristic (ROC) curve of the prediction model, with clinical covariates associated with CKD development (the c -statistic-1) and then with the prediction model including clinical covariates and oxLDL (the c -statistic-2) [16] . The incremental discriminative value of oxLDL was assessed by comparing the areas under the ROC curves (Δ c -statistic) before ( c -statistic-1) and after oxLDL inclusion into the model ( c -statistic-2) [16] . The Hosmer-Lemeshow goodness-of-fit test was used to assess the calibration of the model with oxLDL to match the estimated with the observed proportion of CKD development [17] . The net reclassification improvement (NRI) and integrated discrimination improvement (IDI) were used to assess whether oxLDL improved reclassification of patients' predicted probability for developing CKD compared to classification based on clinical predictors [18] . A p value of <0.05 denoted statistical significance. Analyses were performed using statistical packages: SPSS v22 (SPSS, Inc. Chicago, Ill., USA), MedCalc v12.7.0.0, and Stata/MP-14 (StataCorp LP).
Results
Baseline Characteristics of the Study Population
Of 314 consecutive, stable AF patients screened for the study, preserved renal function (eGFR ≥ 60 ml/min/1.73 m 2 ) was documented in 256 patients (81.5%), and those patients comprised the AF group (mean age: 62.8 ± 9.3 years; 60.9% males). The control group included 138 stable patients in SR, with preserved renal function (mean age: 61.5 ± 11.2 years; 60.9% males). Baseline characteristics of both groups are presented in table 1 . The two groups were comparable regarding age, sex and comorbidities, except for the lower frequency of prior stroke among SR controls. Expectedly, differences regarding the use of antiarrhythmic/anticoagulant drugs were observed between the groups ( table 1 ) .
Baseline laboratory characteristics are presented in table 2 . Compared to the controls, AF patients had a higher mean serum creatinine, a lower mean eGFR, a lower proportion of subjects with eGFR ≥ 90 ml/min/1.73 m 2 and a higher proportion of patients with eGRF ≥ 60 to <90 ml/min/1.73 m 2 (all p < 0.05) ( table 2 ). No differences in plasma lipids were observed. The mean oxLDL of AF patients (76.2 ± 21.7 U/l) was higher compared to SR controls (61.6 ± Data are presented as mean ± standard deviation or n (%). 13.1 U/l; p < 0.001) ( table 2 ). The comparison of oxLDL between AF and SR patients divided into subgroups with 'higher' (eGFR ≥ 90 ml/min/1.73 m 2 ) and 'lower' (eGRF ≥ 60 to <90 ml/ min/1.73 m 2 ) baseline renal function also demonstrated higher oxLDL in AF subjects (both p < 0.05) ( fig. 1 ) . In the regression model adjusted for age, sex, medications and eGFR, AF presence predicted higher oxLDL levels in the entire study cohort (β = 14.7; 95% CI, 10.7-18.7; p < 0.001), as well as in the subgroups with 'higher' and 'lower' baseline renal function ( fig. 1 ).
CKD Development in AF Patients -Clinical and Conventional Laboratory Predictors
After a median of a 48-month follow-up (range: 4-66 months), CKD was established in 51 (19.9%) patients. Of those patients, eGFR decreased to 31-60 ml/min/1.73 m 2 , 15-30 ml/ min/1.73 m 2 and <15 ml/min/1.73 m 2 in 43, 6 and 2 patients, respectively (1 patient commenced dialysis). Clinical and laboratory predictors of CKD development are presented in table 3 .
Association of oxLDL with CKD Development in AF Patients
The lower, middle and upper oxLDL tertiles in AF patients were defined by the following cutoffs: <67.0 U/l, ≥ 67.0 to <88.7 U/l, and ≥ 88.7 U/l, respectively. There was a graded increase in the cumulative incidence of CKD associated with increasing oxLDL tertiles (log-rank p < 0.001) ( fig. 2 ) . oxLDL (per tertile) conferred an unadjusted HR of 2.24 (95% CI, 1.55-3.23) for CKD development, while the risk of CKD associated with the middle ( ≥ 67.0 to <88.7 U/l) and upper ( ≥ 88.7 U/l) oxLDL tertiles increased 3.10-fold (95% CI, 1.29-7.84) and 5.64-fold (95% CI, 2.46-12.98), respectively, relative to the lower oxLDL tertile (<67.0 U/l; all p < 0.05) ( 
Discussion
The main findings of the present community-based, observational study indicate that OS, as determined by plasma oxLDL, was higher in stable AF patients with preserved renal function compared to SR controls. AF presence was associated with increased oxLDL independent of clinical characteristics and eGFR. Importantly, it was documented for the first time that baseline oxLDL was associated with an increased risk of CKD development during the prospective 4-year median follow-up of AF patients. Inclusion of oxLDL improved discrimination and reclassification properties of the model based on clinical and laboratory CKD predictors, indicating that oxLDL might add to an improved recognition of CKD risk in AF patients.
oxLDL has been established as a marker of in vivo lipid peroxidation reflecting increased OS under pathological conditions [19] . To date, several case-control studies have reported increased oxLDL in the general CKD population [9, 20] , as well as in AF patients [21] , and recently, oxLDL has been linked to the risk of developing cardiovascular disease in AF patients without associated comorbidities [22] . Our findings extend those observations to the interplay of AF, OS and renal dysfunction. Among subjects with preserved renal function, we found lower mean eGFR in AF patients compared to SR controls, which is in line with the reported higher prevalence of AF-associated renal impairment [1] . Nevertheless, when subjects with similar eGFR were compared, AF patients demonstrated higher oxLDL compared to SR controls. Notably, AF presence was an independent predictor of increased oxLDL in the entire study cohort, as well as in subjects with 'higher' (eGFR ≥ 90 ml/min/1.73 m 2 ) and with 'lower' (eGFR ≥ 60 to <90 ml/min/1.73 m 2 ) baseline renal function, strengthening the notion for increased OS burden in AF. The present study provides evidence for an association of oxLDL with a risk of CKD in patients with AF. In our cohort, 19.9% of initially stable AF patients developed CKD over a median of 4 years, confirming earlier observations of a relatively high incidence of CKD in AF (e.g. 21% over the 2 years) [5] . In the present study, oxLDL was strongly associated with CKD development, independent of clinical covariates, and added prognostic information to clinical predictors, as demonstrated by an improvement in discrimination and reclassification indices. These observations suggest that oxLDL could complement clinical risk factors in assessing patients' risk of CKD. Whether oxLDL acts as an initiator, a contributor or an associate of renal dysfunctions is still obscure. oxLDL has been primarily investigated in the context of atherosclerosis [10, 23] , while mechanisms involved in kidney impairment have remained elusive. oxLDL could advance renal dysfunction by promoting vascular damage, and in particular (microvascular) endothelial dysfunction [11] , which in turn may intensify OS, inflammation and RAS activation that perpetuate disease progression. Increased OS could also explain a bidirectional relationship of AF and CKD, as well as an increased burden of cardiovascular morbidity and mortality observed in patients affected by both conditions [4] .
Clinical risk factors specific for CKD development in AF have not been widely addressed. Similar to previous findings [5, 24] , the risk of CKD in AF patients in the present study increased with advancing age and declining baseline eGFR, as well as the presences of diabetes mellitus, cardiovascular comorbidities (i.e. CAD, PAD, mitral valve disease), and prior thromboembolism. Interestingly, permanent AF also increased the risk of renal dysfunction, possibly reflecting chronic adverse hemodynamic influences, or increased thromboembolic burden. Similar to observations from the general population [25] , our results demonstrated that low high-density lipoprotein cholesterol, but not LDL cholesterol, predicted an increased risk of renal dysfunction, implying that deleterious effects of dyslipidemia do not provide a full explanation for the association of oxLDL with CKD [12] . Additionally, oxLDL-related CKD risk was consistent regardless of the treatment with statins, despite their lipid-lowering and (potential) OS-modifying properties [2] . However, this finding might be biased by inadequate statistical power, or treatment changes over the time course of the study. Furthermore, we have observed an association of CKD development with a higher baseline CHA 2 DS 2 -VASc score, likely attributable to a less favorable risk factor profile of patients with increased CHA 2 DS 2 -VASc scores, and vice versa, higher CHA 2 DS 2 -VASc scores might have produced a higher burden of (silent) thromboembolic damage to the kidneys, spurring the progression of renal dysfunction during the follow-up.
Study Limitations
Several limitations deserve consideration regarding the present study. Firstly, a singlecenter observational design and inclusion of a relatively small number of stable patients with preserved eGFR limit generalizability of our findings. In particular, we have not investigated whether oxLDL predicted renal function deterioration in subjects with established CKD. Also, a potential association of oxLDL with CKD development in SR subjects was beyond the scope of the present study. Although creatinine-based eGFR is a well-established marker of the overall renal function [15] , we have not evaluated other indices of renal injury/dysfunction (i.e. albuminuria/proteinuria, cystatin C, etc.) and their association with oxLDL and CKD. Also, one-off oxLDL measurement at study inclusion prevented time-dependent Cox analysis of the study outcome. Despite adjustments for a number of covariates, the observed associations could have resulted from unappreciated clinical/laboratory confounders. Finally, other markers of OS have not been assessed to substantiate the association of OS with renal impairment. Therefore, a confirmation from a larger study in the general AF population is necessary to conclude the role of oxLDL in AF and CKD.
